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This invention relates to semiconductor devices, particularly but not 
exclusively a power semiconductor switch, having a main current carrying 
section and a sense current carrying section. 

The invention also relates to circuit configurations comprising such a 
device. The circuit may be used for measuring or modifying or controlling (at 
least in an abnormal current condition) the conduction of the main current 
carrying section of the device, in relation to an output from the sense current 
carrying section. 

The invention further relates to switching circuits, switching arrangements 
and switching schemes comprising such a semiconductor device and/or control 
circuit, particularly but not exclusively as a high-side switch. 

The device is typically an insulated-gate field-effect transistor (MOSFET) 
or an insulated-gate bipolar transistor (IGBT). The device is usually cellular with, 
for example a close-packed hexagonal, or square or stripe geometry, and so the 
main current carrying section and the sense current carrying section are 
generaDy referred to hereafter in terms of main celis and sense cells. The control 
circuit may be integrated monolithically in the same device body (chip) as the 
transistor, or it may be in a separate circuit body (IC chip) mounted beside the 
transistor chip, for example in the same device package (encapsulation). 

Power MOSFET devices with monolithically integrated control circuits are 
known. Thus, such devices commercially available from Philips Semiconductors 
under the trade mark TOPFET include temperature and overload protection 
functions. TOPFET devices are designed for either high-side or low-side 
operation, depending on whether used between a power line and the load or the 
ground line and the load. Such devices are described in the Philips 
Semiconductors PowerMOS Transistors Data Handbook 1997, for example, and 
on the web-site http:/AAAAAA/.semiconductors.philips.com. 
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In low-side configured MOSFET designs, current limit and current 
measure functions have difficulty performing well because of the poor tracking 
between the MOSFET cells that perform the sensing function (sense cells) and 
the majority of the MOSFET cells (main cells) that are not monitored. This 
5 results from the connection of a small measurement resistor to the source of 
the sense cells, which thereby makes the sense cells non-representative of the 
main population. 

In high side technologies this can be resolved by feeding the sense 
cells into a "virtual earth" node, and hence reducing the difference in source 

lo voltages between sense cells and non-sensing main cells of the MOSFET. 
However, the use of a virtual earth technique in a fast current limit control 
application is particularly challenging from a stability standpoint. 

A virtual earth solution cannot be implemented for low-side MOSFET 
devices, because there is no means to sink the significant sense current, 

15 below source potential. Only one strategy was believed to be available in low- 
side technology. That strategy is to reduce the magnitude of the signal 
developed across the sense resistor. 

The present invention is based on a different approach and 
>o understanding by the present inventor. Stated simply, the inventor recognises 
two components to the "sense ratio" error: 

(1) The difference in gate source voltage between the group of sense 
cells and the cells in the main section of the power MOSFET produces 
a non-ideal share in response to the transfer function of the component 

5 MOSFET cells. This source of error is significant under most conditions. 

(2) The non-ideal resistive divider created by the introduction of a 
small sensing resistor in the source connection of the sense cells also 
directly generates an error, because it is not matched by a 
corresponding resistance for the main section of the power MOSFET 

D This source of error is significant only when the FET is operating fully 

saturated with a low drain source voltage. 
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As regards cause (1), the difference in current densities between the 
sense cells and the main cells can become particularly pronounced at low 
current densities with the power device running at low levels of enhancement. 
This is the case when the device is being actively current limited, when the 
errors from cause (2) are negligible. 

As regards cause (2), these errors tend to be worse in devices for "cool 
running" applications where the drain source operating voltage is very low (i.e. 
no fault or current limiting conditions). 

In accordance with the present invention, there is provided a novel 
approach that facilitates a correction for errors from (1) and that is applicable 
generally in control applications where the sense ratio error is a problem. The 
invention may be applied to monolithically integrated MOSFET devices, for 
example in the TOPFET (Trade Mark) range, and to discrete MOSFET 
devices, for example in the SENSEFET range. 

According to one aspect of the present invention, there are provided novel 
semiconductor devices that have separate respective control electrodes for the 
main section of the device (that carries the main current of the device) and for 
the sense section (that carries the sense current). For a MOSFET device, the 
separate respective control electrodes are a separate gate electrode for the main 
current carrying section, and a separate gate electrode for the sense current 
carrying section. 

The sense current carried by the sense section is indicative and/or 
representative of the current being carried by the main section. In a MOSFET 
device in accordance with the invention, the main section and sense section 
each have their own individual source and gate electrodes. Thus, from this 
sense section a reference voltage can be derived, with respect to the source 
electrode of the main section, that is comparable with or equal to or related to 
the actual gate source voltage appearing between the gate and source 
electrodes of the reference (sense) section. Because of the separate gate 
electrode connections of the sense and main sections, this reference voltage 
can then be used to drive the main section. 
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Thus, the present invention provides a novel device architecture that is 
suitable, inter alia, for use in precision current limit and current measure 
functions. This novel device architecture is realisable using either single chip 
technologies, for example as in the TOPFET (Trade Mark) range of devices, or 
5 using multiple chip technologies, as in the SENSEFET range of devices. Such 
MOSFETs are particularly beneficial for use as low-side switches. 

According to another aspect of the present invention, there are provided 
novel circuit techniques and circuit configurations that generate an appropriate 
voltage from the sense section and use that voltage for controlling the main 
to section of the device. Such circuit techniques and circuit configurations can 
thus be used to facilitate precision current limit and current measure functions 
on "low-side" configured devices. They may be realised using either single 
chip or multiple chip technologies. Separate driving of the gates has the 
additional advantage that it alters the drive requirements for the critical control 
15 loop, and makes the engineering of a stable current limit circuit much simpler. 

With a MOSFET device in accordance with the Invention, the circuit 
adopted may simply correct the main MOSFET gate drive for the gate-source 
voltage error incurred by the sense cells, as a result of the inclusion of a sense 
resistor. In this case, the main MOSFET control loop (with current" limit etc.) 
20 may be left basically the same. However, the invention also permits a better 
method of control in which the sense cells are used as a reference structure to 
be current limited/controlled as desired, and then to drive the main cell array 
as a "slave unit" with the identical gate source conditions as the reference. 

Thus, the present invention can be used to provide both a simple 
differential correction to the MOSFET main cells (utilising the separate gate 
connections) and a fully-fledged master-slave arrangement. Accordingly, a 
variety of circuit aspects are possible with this invention. 

The simple differential correction can be of significance where an 
improved current measure precision is required but a sophisticated current 
30 limit facility is not implemented. 
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the fully-fledged master/slave arrangement has the advantage that the 
reference device control, which is the critical control loop, is not hampered by 
the substantial junction capacitances of the main MOSFET section. 

5 These and other advantageous features of the invention are illustrated 

in specific embodiments of the invention, now to be described with reference to 
the accompanying drawing Figures 1 to 3. 

Figure 1 represents a power MOSFET device in accordance with the 
10 invention. This power MOSFET (including its main current carrying section 
and sense current carrying section) may be formed in a device body (usually a 
silicon chip) in known manner, except that the MOSFET gates of the main 
current carrying section and of the sense current carrying section are now 
separate individual gate electrodes G(1) and G(2) in accordance with the 
15 invention. Thus, although the main current carrying section and sense current 
carrying section of previously known MOSFETs have separate source 
electrodes, their gate electrodes are common. 

The MOSFET may be, for example, of the trench-gate type or of the 
DMOS (planar surface MOS) type. Published PCT patent application 
WO-A-00762422 (our ref. PHB34338) is, inter alia, an example of the 
fabrication of a trench-gate power MOSFET with main current carrying and 
sense current carrying sections, but without the separate individual gate 
electrodes in accordance with the present invention. The whole contents of 
WO-A-00/62422 are hereby incorporated as reference material. 
25 A variety of cellular layouts may be adopted for the power MOSFET (both 

its main current carrying section and its sense current carrying section), for 
example a close-packed hexagonal, or square or stripe geometry. 

Traditionally the sense cell structure has been manufactured with cells 
in the same MOSFET body with a separate source electrode/terminal (2). 
The present invention provides also a separate gate electrode G(2). Thus, the 
invention can exploit the advantages of separate gate and source connections, 
whilst still maintaining an integrated structure for the main and sense sections 
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so as to ensure thermal and constructional matching. Usually the drain 
electrode will be common to the sense and main sections, as we,, as the drain 
reg.on and drain drift region. The transistor-body regions (channel region) and 
source regions of the main and sense sections can still be formed In the same 
s process steps, and so may the electrode metallisation. Only the layout pattern 
of the gate e.ectrod es G(1) and G(2), their meta.lisation and connections (if 
integrated) needs to be changed so as to separate electrically the gate 
electrodes G(1) and G(2) of the main and sense sections. 

Thus, even for the specific circuit embodiments illustrated in Figures 2 
and 3, a variety of MOSFET device configurations are possible In accordance 
wrth the invention. These configurations depend on the choice of various 
factors such as: 

• whether the control circuit is integrated in and/or on the same device 
body as the MOSFET itself, so producing a monolithic integrated 
dev.ce as in the TOPFET (Trade Mark) range, 
. whether the control circuit (when not integrated in and/or on the 
device body) is nonetheless still encapsulated in the same package 
as the MOSFET device body, so producing a hybrid device or device 
module; 

• whether the device package encapsulates only the MOSFET device 
body, so producing a discrete device as in the so-called SENSEFET 
range. 

Thus, the MOSFET device body may have separate bond pads 
connected respectively to the separate individual gate e.ectrodes G(1) and 
G(2) of the main section and of the sense section of the MOSFET, when the 
contro, circuit is not integrated in the MOSFET chip, m this case, the device 
package may have separate terminal pins connected to these separate bond 
pads of the gate electrodes G(1) and G(2) of the main section and sense 
secfon, when the control circuit is net encapsulated in the device package 

The dev.ee may be a discrete device in the so-called SENSEFET range 
but having separate respective gate terminals G(1) and G(2) for its main 
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current carrying section and its sense current carrying section, in accordance 
with the invention. 

However, the device package may encapsulate the control circuit, when 
the control circuit is integrated in and/or on the MOSFET chip or when the 
5 control circuit is formed in one or more circuit bodies (IC chips) mounted 
side-by-side with the MOSFET chip. The separate individual gate electrodes 
G(1) and G(2) of the main section and of the sense section of the MOSFET 
can be directly connected with respective elements of the control circuit by 
means of conductor tracks, when at least parts of the control circuit are 
10 integrated in and/or on the MOSFET chip. Otherwise, bond wires may be 
connected between bond pads of the MOSFET chip and bond pads of a 
control circuit chip. 

Figure 2 illustrates a specific embodiment of a master-slave 
15 arrangement in accordance with the present invention. The sense cells 
function as reference cells. These reference cells are operated in a self- 
contained control loop, engineered to deliver the final current limit/ current 
measure functionality. 

A reference voltage is then generated, with respect to the main 
20 MOSFET array source terminal, that is equal to the actual gate source voltage 
that appears between the gate and source connections of the reference 
(sense) cell array. This is then utilised by a high-speed buffer/driver module to 
drive the main MOSFET array. 

Although not shown in Figure 2, it is also advantageous to implement 
25 some protection functions (such as over-voltage) on the main MOSFET array 
only. 

The proposed arrangement has several advantages: 
Thus, significantly improved current limit precision is achievable for the 
following reasons: 

30 The error in the gate-source voltages applied to reference (sense) cell 

array and the main MOSFET array is now a function of the RMS sum of the 
offset voltages of 3 precision amplifiers of Figure 2, rather than the amplitude 
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of sense current signal. This can result in a higher level of precision for low- 
side current limit and current measure appiications, for both MOSFETs in the 
0" rade M a*) range and for other MOSFETs. 
The most difficult control loop (i.e. the high speed, high closed ioop gain 
ampler used for the current .imlt function) is now freed from the constraint of 

Z2 !T Ti ** hi9h iUn °"°" ° aPaCilanCe °' 3 P ° WSr FET - ™ s am P« fi er 
Should .deally be configured as an "integrator a. high speeds, to maximise the 

stabilrty when driving inductive loads. Configuring the ampiifier as an 
.ntegrator. for all closed loop gains greater than 1 , controls the phase shift from 
the amplifier to 90". and hence maximum phase shift in the closed loop under 
all load conditions to less the w . Hence the best possible stability is 
assured. 
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The driver module ("slave") responsible for driving the high gate 
capacitance of the power FET now has a much easier task since the stability 
analys,s of n», buffer type, control loop is a lot less demanding. 

The corrected reference generator is generating a new reference for the 
main MOSFET array by forcing a current to flow through two equal resistors 
R2 and R 3 . The reference generator control amplifier adjusts this current euoh 
that the voltage developed across R2 is equal to the voltage across the sense 
res,stor R1. Therefore, the voltage across the matched resistor R3 must also 
be equal to the voltage across the sense resistor. This means that the voltage 
hat appears on the + ve input of the slave control loop amplifier, with respect to 
he source termina., is equal to the gate-source voltage that has been set on 
the reference cells. 

Figure 3 illustrates an alternative architecture, in which the corrected 
reference generator and the slave control amplifier are combined into one 
circuit element. This is a simpler circuit configuration, but with an overall 
performance that wii, be somewhat worse for a» conceivable technoiogies and 
components set, The poorer performance resute from the poor common- 
mode rejecdon ratio of this circuit and the multiplication of the amplifier input 
offset voltage. However i, wiii be quire adequate for many applications 
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The above disclosure of the invention is primarily in terms of a 
"low-side" switch. However, features of the present invention may also be 
applied to a "high-side" switch and are particularly advantageous for a fast 
5 current-limit control application of the "high-side" switch. 

The above disclosure of the invention is mainly written in terms of a 
MOSFET type of device. However the invention may be applied to other types 
of semiconductor device, for example to other FETs or to bipolar transistors or 
10 to IGBTs. 

In the case of other types of field-effect transistor, for example, the 
insulated gate may be replaced by so-called Schottky gate technologies. In this 
case, the gate dielectric layer is omitted and the conductive gate electrode forms 
a Schottky barrier with the lowly-doped channel-accommodating area of the 
transistor body region. In another FET type, the source regions could be formed 
as Schottky contact regions rather than as dopant diffused or implanted regions. 

A bipolar transistor has emitter and collector (instead of source and 
drain), and a base (instead of the gate). An IGBT has cathode and anode 
(instead of source and drain), but its control electrode is still an insulated gate. 
Each of these device types can be configured with a main current carrying 
section and a sense current carrying section, the current paths of which extend 
between first and second electrodes of the device. The second electrode 
(drain or anode or collector) is usually common to both the main and sense 
sections. The first electrode (source or cathode or emitter) of the main section 
25 is separate from that of the sense section, so that a sense current output can 
be derived from the separate first electrode of the sense section. The main 
and sense sections have individual separate respective control electrodes in 
accordance with the present invention. 
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From the present disclosure, other modifications and variations will be 
apparent to persons skilled in the art. Such modifications and variations may 
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involve other features which are already known in the art and which may be 
used instead of or in addition to features already disclosed herein. 

No specific patent claims have yet been formulated In this patent 
application to particular combinations of features. However, it should be 
5 understood that the scope of the disclosure of the present patent application 
includes any and every novel feature or combination of features disclosed 
herein either explicitly or implicitly and together with all such modifications and 
variations, whether or not relating to the main inventive concepts disclosed 
herein and whether or not it mitigates any or all of the same technical problems 
io as the main inventive concepts. 

The applicants hereby give notice that patent claims may be formulated 
to such features and/or combinations of such features during prosecution of 
the present patent application or of any further application derived or claiming 
priority therefrom. 
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